In microdisk resonators, whispering-gallery ͑WG͒ optical modes are confined by total internal reflection at the interfaces of a high index planar waveguide, as well as along the circumference of the disk. The microdisk resonator optimizes the overlap between the small volume gain region with the low-loss WG modes, enabling a very efficient coupling of the spontaneous emission into the lasing mode, thus offering a high potential to obtain lasing with low thresholds.
1
quantum wells, 2, 3 or subwavelength small structures such as quantum dots 4, 5 or optical dopants. 6 In microdisk resonators, whispering-gallery ͑WG͒ optical modes are confined by total internal reflection at the interfaces of a high index planar waveguide, as well as along the circumference of the disk. 2 The microdisk resonator optimizes the overlap between the small volume gain region with the low-loss WG modes, enabling a very efficient coupling of the spontaneous emission into the lasing mode, thus offering a high potential to obtain lasing with low thresholds. 2 Due to these advantageous properties, microdisk resonators have been applied to a large variation of active materials, including inorganic semiconductors and their heterostructures, [1] [2] [3] [4] [5] rare-earth doped glasses, 6 and even organic thin films. 7 Although the microdisk concept is applicable for all wavelengths between the UV ͑Ref. 1͒ and the terahertz 8 spectral region, most of the previous works report on devices for the near infrared and the visible spectral region. For the midinfrared ͑MIR͒ region, i.e., 3 -30 m wavelength, only a few studies have been performed for quantum cascade microdisk laser structures 9 or interband microdisk lasers. 10, 11 Interband type edge emitting lasers for the MIR are just evolving toward room temperature emission in continuous mode operation. 12 The inherently high refractive index of the used narrow band gap semiconductors and the concomitant high angle of internal total reflection make these materials highly suitable for microdisk resonators. This high refractive index also minimizes leakage of the optical modes into the substrate or into cladding layers. As a result, no undercut of the microdisks is required, which highly simplifies device processing.
In this work, we present microdisk lasers based on lead salt multi-quantum-well ͑MQW͒ structures operating at wavelengths around 5 m. Lead salt compounds are very suitable for MIR emitters due to their favorable electronic band structure and low Auger recombination rates. 13 Up to now, lead salt lasers reached operation temperatures of up to 223 K in continuous-wave ͑cw͒ mode 14 and up to 65°C in pulsed mode. 15, 16 Due to their advantages including large wavelength tunability and narrow line widths, 17 lead salt laser diodes have been applied for, e.g., breath analysis 18 or pollution monitoring. 19 Commercial lead salt lasers are edge emitters grown on lead salt substrates, 15 whereas for the epitaxial growth of lead salt structures ͑111͒ oriented BaF 2 is the preferred substrate material because of its higher mechanical stability and its higher structural quality. 20 Since these substrates exhibit only oblique cleavage facets, so far only vertical-cavity surface-emitting lead salt lasers ͑VC-SEL͒ have been fabricated on BaF 2 . 16, [21] [22] [23] This laser type has the disadvantage that for different operation temperatures a different optical design is required to account for the different temperature dependences of the band gap energy and refractive index. 23 In contrast, the multiple optical modes of microdisk resonators with a relatively small mode spacing enable a switching of the stimulated emission from one resonance to another with varying temperature, thus obtaining lasing over a wide temperature range with the same device. Here, we report optically pumped laser emission from PbSe/ PbSrSe MQW microdisks up to 135 K in cw operation.
The lasers were grown by molecular beam epitaxy onto BaF 2 ͑111͒ substrates. The active region consists of a tenperiod PbSe/ Pb 0.95 Sr 0.05 Se 10/20 nm MQW structure. The 140 meV higher band gap of Pb 0.95 Sr 0.05 Se as compared to that of PbSe and the type-I band alignment provides an efficient carrier confinement and corresponding intense photoluminescence ͑PL͒ at room temperature. 24 In Fig. 1 , the cw PL at 300 K of a 50-period PbSe/PbSrSe MQW is compared to that of bulk PbSe and of a 50-period PbSe/PbEuSe MQW. The PL was excited at 980 nm with a 150 mW InGaAs laser diode. For the PbSe/PbSrSe QWs a strong blueshift of the PL spectrum with respect to that of bulk PbSe, corresponding to a total confinement energy of 50 meV, is observed. Even more, the PbSe/PbSrSe MQW shows a factor of 4 higher peak PL intensity than bulk PbSe and an about 60 times higher intensity than the PbSe/PbEuSe MQW with similar quantum confinement. 25 These results indicate that the PbSe/ PbSrSe MQWs are very well suited as active medium for microdisk lasers. Fig. 2 . It shows the circular shape of the disk with a diameter of 45 m and a thickness of 2.3 m. The higher magnification image depicted in Fig. 2͑b͒ highlights the vertical sidewalls of the disk and shows the active MQW region as a darker stripe in the center of the disk edge, resulting from the higher etching rate of PbSe as compared to that of PbSrSe. Figure  2͑b͒ shows a considerable roughness of the sidewalls, estimated to be of the order of 100 nm. This roughness resulting from the etch process is expected to lower the optical quality of our resonator with an estimated loss of 1000 cm −1 .
The lasing behavior of the microdisks was studied under optical pumping by a Yb doped yttrium aluminum garnet laser operating in cw at 1.03 m wavelength. The pump laser was directed at the sample at normal incidence to the microdisk surface. The emission was collected from the edge of the disk with a full collection angle of 19°and was measured by lock-in technique with a grating spectrometer and an InSb photodetector. Figure 3 shows the microdisk emission spectra at 115 K taken with a low resolution of 20 nm as a function of pump power. At pump powers below 1.2 mW, a broad spontaneous emission background between 4.7 and 5.4 m is found, which fits well to the PL emission from the MQW reference sample. Above a certain threshold an additional narrow emission line appears at the low energy side of the spontaneous emission spectrum at 5.35 m wavelength. This line rapidly increases with pump power, indicating stimulated emission. The high resolution measurements of this laser line, depicted in the inset of Fig. 3 , reveal single mode emission at 5.39 m with a line width of only 2 nm ͑0.1 meV͒, corrected for the spectrometer resolution of 1 nm, and a threshold of 1.4 mW.
With increasing sample temperature, the intensity of the stimulated emission at 5.39 m rapidly decreases and another emission peak at a shorter wavelength of 5.32 m turns on. Within a small temperature region around 123 K, exclusively the 5.32 m emission peak is observed, while with further increasing temperature again switching to higher laser modes at shorter wavelength occurs. Figure 4 shows the monomode laser operation at different sample temperatures of 115, 123, 129, and 134 K and at the corresponding wavelengths of 5.39, 5.32, 5.29, and 5.25 m, on a normalized scale. The shift in the laser emission is caused by the blueshift of the band gap energy of ⌬E g / ⌬T = + 0.49 meV/ K for PbSe as is typical for IV-VI materials. 23 Similar to the emission at 115 K, at 123, 129, and 134 K, the single mode emission line exhibits a Gaussian line shape and a linewidth of 2 nm, which is almost constant for all operation temperatures and pump intensities. The emission lines correspond to lasing at different microdisk modes, with a mode separation of about 35 nm. The experimental mode wavelengths are in close agreement with calculated values, which are represented by the arrows in Fig. 4 . This calculation considers only the fundamental microdisk modes, exhibiting the high- est quality factor, 26 and given by the first zero of Bessel functions with order m for zero-field boundary conditions.
In Fig. 5 the emission intensity of the laser lines of Fig.  4 are plotted as a function of pump intensity. The laser modes exhibit a strong linear increase in the intensity above a clear threshold pump intensity. The laser threshold increases only slightly with increasing temperature from 75 W / cm 2 ͑1.47 mW͒ at 115 K to 96 W / cm 2 ͑1.88 mW͒ at 134 K and is comparable with those of our cw VCSELs operating at similar temperatures and wavelengths. 21, 22 For a pump power of 1.9 mW, the total output power is in the order of 20 W, considering a homogeneous radial emission profile. The slope efficiency is almost constant for temperatures below 130 K, but it decreases considerably for the laser mode at 134 K, and at higher temperatures no laser emission could be observed up to now.
In summary, microdisk resonators have been applied to epitaxial IV-VI semiconductor structures grown on BaF 2 substrates. The microdisks do not require any undercut due to the high refractive index of the disk material. With PbSe/ PbSrSe MQWs as active material, MIR lasing is demonstrated at wavelengths around 5.3 m. Single mode operation in cw is shown with threshold pump intensities below 100 W / cm 2 and at temperatures up to 134 K. These results are highly encouraging for lead salt lasers operating at higher temperature enabled by improving the microdisk fabrication process to obtain smoother side walls and thus higher quality factors, and by using zero dimensional laser active materials. Most promising candidates for such purposes are epitaxially controlled PbTe/CdTe quantum dot precipitates, 27 showing superior PL emission intensities at room temperature among all lead salt structures. 
